The other type of grating widely used in semiconductors is formed dynamically by interfering two laser beams in the material. An excess of carriers generated at the periodic constructive interference points of the beams depresses the index due to the plasma effect. These dynamic gratings were first observed in semiconductors in 1969 [ 5 ] and were used to observe transient carrier behavior in GaAs as early as 1978 [6] . They have been widely studied and used to measure carrier properties in a wide variety of semiconductors [7] .
Gratings play a crucial role in improving the performance of semiconductor lasers. DFB [8] and DBR [9] lasers have been shown to have improved mode stability as a function of time and temperature [lo] , superior dynamic singlemode operation [ 1 1 1, and reduced frequency chirp.
A DBR laser with single-mode operation and good side mode suppression due to a new type of grating formed by focused ion beam (FIB) implanted stripes of dopants has recently been demonstrated [ 11. The purpose of this paper is to model this grating to provide the information needed to optimize the implantation parameters and the laser structure.
The type of grating described here relies on a plasma grating but does not require active pumping by external lasers. Instead, the periodic fluquation in the carrier concentration is created by 1000 A wide stripes of dopant atoms implanted with a FIB at multiples of the Bragg period. In Section I1 the model used to relate the change in index due to the free carriers from the implanted dopants is outlined. Based on this model, the coupling coefficient of the grating is calculated in Section 111. Both an analytical expression, which reveals the dependence of the coupling coefficient on several waveguide and implant parameters, and a more flexible numerical calculation are presented. The geometry and fabrication details though previously reported [ l ] are summarized in Section IV for convenience. Some results of the model are discussed in Section V as are some of the potential advantages of this new technology as it applies to fabrication and design of DBR and DFB lasers. where q is the electric charge, n is electron dejsity, p,, is carrier mobility, D, is carrier diffusivity, and E is electric field. This leaves behind ionized donor atoms causing electric fields which oppose this diffusion current. The carriers and fields must also obey Poisson's equation
where NO is the do_nor impurity concentration, $ is potential and -V$ = E . Equations ( 1 ) and ( 2 ) can be solved simultaneously [ 121 for the steady-state spatial distribution of the carriers. Fig. l(a) shows a two-dimensional cross section of the carrier concentration calculated using this approach for three FIB implanted stripes of dopants. The doping concentration is assumed to be a two-dimensional Gaussian with an implant depth of 0.0850 pm and standard deviation of 0.0442 pm. The horizontal standard deviation is determined by the resolution of the FIB beam, which has been measured to have a full width at half maximum of 700 A. Further spreading due to the diffusion during the 10 s anneal at 950°C is negligible for Si3N, capped Si implants in GaAs [13] . The peak dopant concentration is assumed to be 6.3 X 10" cm-3, with a background concentration of 5 X 1017 cm13. The surface of the wafer is towards the top of the figure. The lines show contours of constant carrier concentration spaced by 1 .O X 10l8 cmP3. In comparison, plots of the doping concentration are almost identical, so the carriers diffuse only a very small distance. Based on this result, the location of the carriers is approximated by the doping distribution for this model.
B. Relation of Index to Free Carriers
A large body of work has been done to model, calculate, and measure the change in absorption, and through the Kramers-Kronig relations, the change in index of GaAs near the band edge due to the free carriers [ 141, [15] . Calculations show that the index in GaAs below bandgap increases slightly with carrier concentration up to a concentration of about 6 x lOI7 cm-j. Above this, there is a linear relation between index and carriers of 6n/6N = -1 .O X cm3. This linear relationship will be applied to GaAlAs in Section I11 to relate the change in index, and therefore the strength of the grating, to the change in carrier concentration caused by the FIB implants. Fig. l(b) shows the variation of the carrier concentration at a depth of 0.0850 pm across the peaks of the implanted stripes from Fig. l(a) . There is a peak-to-valley variation in carrier concentration of about 6 X 10l8 cm-3. Assuming the relation between change in index and change in carrier density to be a factor of -1 .O X lo-'' cm3 as discussed above, this corresponds to an index variation of 0.06, which is the same order of magnitude as the change in index used in conventional etched gratings.
COUPLING COEFFICIENT
The coupling coefficient is a quantitative measure of the effectiveness of a grating and is given by [ 
where K is the coupling coefficient, ko IS the free-space wavenumber, fl is the propagation constant in the medium, E is the y -(transverse) component of the fundamental E-field in the unperturbed guide, z is the direction of propagation, x is the direction of implant into the guide, and N 2 is a normalization constant given by
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The form of the fundamental mode in the waveguide layer of a general three layer dielectric waveguide is
where k , is the mode propagation constant and x , , , ,~~ is the offset of the peak of the mode from the center of the guide, as shown in Fig. 2 . Both of these parameters depend on the geometry of the particular waveguide. 
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nealing in the x-(depth) and z-(propagation) directions, respectively, x,,,plant is the distance from the peak of the implant to the center of the guide, and p is the period of the FIB stripes as indicated in Fig. 3 . These values all depend on the ion, substrate, and implant energy used and on the time and temperature of the anneal. Noting that A [ n ( x ) ' ] = 2nAn, ( 5 ) , and (6) can be substituted into ( 3 ) and integrated [ 171, giving ( 7 ) for the mth Fourier component in the z-direction. This expression shows several dependencies for K . First, in the x-direction, K is proportional to the amount of ions implanted, determined by the peak concentration P,, .
Also, K is at a maximum when there is maximum overlap between the guided mode and the grating, i.e., when ponentially with increasing a: because as the profile of the implant becomes more flat, the position of its peak relative to the peak of the mode becomes much less significant, allowing the constant term to dominate. K is also proportional to a, since a broader implant profile allows more overlap. The result is a maximum of K as a function of a, when these two opposing effects are balanced.
The z-dependenqe is proportional to a, and is inversely proportional to e"-, indicating a maximum K for some value of U, which gives the maximum overlap of the mth Fourier component of a series of Gaussians spaced by period p .
x,,,,~,~~~ --xmode. However, this overlap term falls off ex- Additional effects of the waveguide geometry are contained in the ~2 normalization factor, ~i~. 3 shows that N' increases monotonically with w , causing K to approach zero as the waveguide widens.
B. Numericul Solution mensional Gaussian distributions in the propagation direction.
A . Analytical Solution For implant doses below the rapid the"l annealing saturation limit as those modeled in Fig. l(a) , the carrier concentration closely follows the two-dimensional Gaussian shape of the implanted ion Co~Centration. For this reason, a two-dimensional Gaussian which is periodic in the z-dependence is assumed here A n = (-1.0 x IO-" cm3)P,,~enp (
The above closed form solution assumes complete activation of the dopants. In practice, there is an upper limit to the activation level that can be achieved with rapid thermal annealed ion implantation, ~h~ percentage of the implanted ions that are activated decreases as this limit is approched [ 181. F~~ the FIB-DBR laser, s i , an amphoteric dopant which tends to compensate itself at high-doping levels was used. This could actually cause a decrease in free-carrier concentration near the peaks of the im-' I plants. Also, since FIB implantation is done at 0" tilt to maintain the focus, channeling may occur, although the ( 6 ) effects are small in (100) GaAs [19] . In order to study these effects, a computer simulation was developed to inwhere P,, is the peak carrier concentration in cm-', U , tegrate ( 3 ) numerically so that the expression for A n in and a: are the standard deviatibns of the implant after an-(6) could be modified arbitrarily.
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For this model, the carrier concentration is assumed to be a flattened two-dimensional Gaussian related to the implant profile by a fixed activation percentage and clipped at an upper saturation limit. For rapid thermal annealed S i + + in GaAs, this limit has been observed [20] to be 6 X 10" cm-j. In the x-direction, the peak is shifted into the wafer by 33 percent and an exponential tail of slope -2.2 decade/pm starting at 25 percent of the maximum is added to account for channeling [ 
191.
The FIB-DBR laser has a 0.5 pm thick guiding layer of Gao ssAl,, ,,As with air above and Gao,70Alo.,,As below. Based on these compositions, n , , n2, and n3 for the three regions shown in Fig. 2 , are assumed to be 1.0, 3.481, and 3.385, respectively. These parameters give an x,,,,,~~ as defined in Fig. 2 For a 100 KeV implant of Si in GaAs LSS calculations [21] give an implant depth of 0.0850 pm and standard deviation of 0.0422 pm, which corresonds to a characteristic length of 0.0625 pm. The FIB beam width has been measured to be 700 A , which gives a standard deviation of 0.0297 pm and characteristic length of 0.0420 pm. For these parameters, a dose of 8 X IOi4 cm-' results in a peak dopant concentration of 9.7 X 10'' cm-3, which is well over the saturation limit of 6 x 10" cm-3, so significant saturation occurs for the nominal case considered here. Increasing the implant range by 33 percent to account for channeling gives a range of 0.1133 pm, and an xIlnplant as defined in Fig. 2 of 0 .1367 pm for a 0.50 pm wide guide. Also, a uniform background n-type doping concentration of 5 x 10" $m-j and a second-order grating with a period of 2288 A were assumed.
Figs. 4-8 show the effects on K of varying some of the parameters discussed above around the nominal value, which is indicated by an asterisk. The saturation level has the most significant effect for two reasons. A higher saturation level allows a larger difference in carrier concentration between the peak of the implant and the background doping level, which gives a larger A n , and, from (3), a larger value of K . This can be seen in Fig. 4(a) , which shows K as a function of the implant dose for four saturation levels of 3.0, 6.0, 10.0, and 20.0 X l O "~m~~. For high doses, where saturation has the largest effect, there is an order of magnitude difference in K between the lowest and the highest saturation level shown. The second important way saturation affects K is that it changes the shape of the nominally periodic Gaussian grating so that the second-order Fourier coefficient does not remain constant. In Fig. 4(a) , as the dose is increased from below saturation, K increases monotonically until saturation starts occurring at, for example, I X lOI4 cmP2 for the 6 X 10I8 cmP3 saturation level curve. At this point, the secondorder coefficient starts to decrease, going through zero and changing sign as the periodic Gaussian profile is deformed. This gives K a null at around 2.5 x l o t 4 cm-'. Fig. 4 (b) also shows K as a function of dose parametrized instead by four implant energies of 50, 100, 200, and 300 KeV. As in Fig. 4(a) , K increases with dose until saturation is reached, passing through a null before con- tinuing to increase. What Fig. 4 (b) emphasizes is that implant energy has much less of an effect on the coupling strength of the grating than the saturation level or the dose. Although increased energy causes more overlap of the grating with the guided mode by moving the peak of the implant closer to the peak of the mode and widening the spread of the implant, it also decreases the peak doping level which decreases A n . These two effects have opposing influences on K , as seen in (3). Consequently, all four curves are very close where saturation has little effect below about l x 1014 cm-*. Only above 30 x lOI4 cm-', well beyond the effect of the changing sign of the Fourier coefficient, does higher implant energy cause a significant increase in the value of K . The coupling strength is also very sensitive to the width of the FIB stripe, as shown in Fig. 5 for the same four saturation values used in Fig. 4(a) . For a fixed dose, as the stripe width is increased from 0.0200 pm to 0.0800 pm, the dopants become more spread out, decreasing the peak doping level and therefore the amount of flattening due to saturation. As in the case of increasing dose in Fig.  4 , the Fourier coefficient goes through a zero, causing a null in K at some point. For larger values of characteristic length the stripes slur together, causing K to decline after reaching a peak. The waveguide structure is also important to achieving high coupling efficiency. Fig. 6(a) and (b) show the effect of the waveguide width and index, respectively, for cladding layer indexes of 3. 30, 3.35, 3.40 , and 3.45. For each cladding index, there is an optimum guide width to bring the mode toward the surface of the guide for maximum overlap of the field with the grating. If the guide is too narrow, the mode is not guided and for wider guides the mode is spread out and further from the surface. Lower values of the cladding index allow a larger difference with the guiding layer index, and therefore tighter confinement. Fig. 6(b) shows that the guiding layer index can become critical if the cladding layer index is not low enough.
The effect of variation in the slope ( i n decades/pm) of the exponential tail in the carrier concentration profile due to channeling is plotted in Fig. 7 for magnitudes relative to the peak carrier concentration of 25, 50, and 75 percent. In the case of the FIB grating, channeling is not detrimental because it effectively increases the implant range and spread and therefore the overlap of the grating with the mode. A less negative slope means deeper penetration of the dopants resulting in higher values of K .
The coupling coefficients of first-and third-order gratings are shown for comparison as a function of dose and FIB stripe width in Fig. 8(a) and (b) , respectively. Fig. 9 shows the structure of the laser used to demonstrate the FIB grating [ 11. It is basically a ridge waveguide large optical cavity (LOC) GaAs laser with a 0.5 pm thick LOC layer of Gao.s5A10,15A~ and Gao 70A10.30A~ cladding layers. One end of the ridge was selectively etched down to the LOC guiding layer, forming a passive section and allowing implantation directly into the guide. A secondorder grating was used so that grating action could be determined either from single-mode lasing or from light emission normal to the surface. After implantation Si3N3 was deposited as a cap for the rapid thermal anneal of the implant and as a mask to etch a 0.1 pm high ridge in the LOC layer to provide some lateral confinement. Standard contacts were evaporated and the wafer was lapped and cleaved.
IV. EXPERIMENTAL RESULTS
A . Geometn
B. FIB Implantation
The implantations were produced by scanning the FIB from a three lens, mass separating, variable energy ion focusing column [22] . The dose is controlled by changing the number of repetitive scans by the beam over the stripe. In calculating the number of scans required, the stripe width was assumed to have the profile of the beam, yhich has a Gaussian current density profile with a 700 A full width at half maximum. This corresponds to a standard deviation of 0.0420 pm. System accuracy for beam placement is estimated to be within 450 A. The gratings were implanted at 100 KeV with a second-order period of 2288 A and were annealed at 950°C for 10 s with a thermal Si,N4 cap.
C. Measurements
Fig . 10 shows the laser's spectrum at temperatures ranging from 16.8 to 42.1 "C. Above about 20°C the DBR mode is dominant. No mode h?pping is seen and an average wavelength shift of 0.8 A / " C is observed. Fig. I 1 shows light emission from the surface of the laser. Peaks of scattered light are seen at each facet and, due to a large mode mismatch between cavities, at the cavity interface as well. However, a substantial amount of light, which decreases roughly exponentially, is also seen over the grating section. This exponential drop can be used to estimate [ l ] the grating coupling coefficient, which is defined in ( 3 ) , to be about 15 cm-'.
V. DISCUSSION
A . Device Optimizution
The above numerical calculations are encouraging because they predict a coupling coefficient of nearly 300 cm-' for the FIB-DBR laser which is comparable to or exceeds the level of coupling in conventional DBR lasers [IO] and they indicate several aspects in which the design can be optimized to increase K even further. There are several possible reasons why a coupling coefficient of this magnitude was not observed experimentally [ l ] . As indicated in Fig. 5 , K is very sensitive to the FIB stripe width. The fineness of the FIB stripe makes measuring the standard deviation difficult. Conventional methods of measuring a stripe etched or milled by the beam do not necessarily correspond to the 1 / e width of the beam (i.e., twice the standard deviation) and resolution measurements must be done with the same energy and ion as the implant to be accurate. The characteristic length of 0.0420 pm assumed in the model was calculated using resolution measurements at high beam voltages which give the tightest focus. The actual FIB-DBR grating implant was done at a lower voltage which could have resulted in a significantly broader beam width. Lateral scattering of the ions in the GaAlAs before coming to rest could also contribute to the FIB stripe characteristic length. Further, although it has been shown that a Si3N4 cap reduces diffusion during annealing [13] to a level that is insignificant for the 10 s rapid thermal anneal used on the FIB grating, it was IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL ?S. NO 6. J U N F 1989 not possible to measure how much diffusion actually occurred. From Fig. 5 , the experimentally measured K of 15 cm-l is the result of a characteristic length of 0.073 pm. Assuming some of these effects occurred in the fabrication of the FIB-DBR, optimization of the implant energy and annealing conditions to reduce the FIB stripe width should increase K by over an order of magnitude. A second factor which could have reduced K is the shape of the periodic function. This model assumes an abruptly truncated Gaussian as a first-order approximation. Actually, the carrier concentration will smoothly approach the saturation level. Since the location of the null caused by the second-order Fourier coefficient going through zero is dependent on the shape of the function, it is possible that the FIB-DBR was closer to a null than the simulation indicates in Fig. 5 .
Another means of increasing K is to use an n-type dopant which can be activated to higher concentrations since the change in index is directly proportional to the carrier concentration in (6) . Also, some p-type dopants such as Zn can be activated to 1 to 2 x lOI9 cm-3.
The waveguide structure is also important to achieving good overlap of the grating with the guided mode and therefore, high coupling efficiency. It must be designed to keep the mode as close to the surface as possible. The waveguide structure in the FIB-DBR [ I ] was not designed for optimum overlap with the grating. Fig. 6(a) shows that by increasing the AI content of the cladding layer to reduce the index closer to 3.30 and reducing the guide width to 0.3 pm, K can be increased by 50 percent. Since the mode overlap has an independent effect on K from the Fourier coefficient, this increase would be in addition to the increases obtained from optimizing the FIB stripe width.
A further improvement in coupling strength and therefore singlemode characteristics would be to use a firstorder grating. Fig. 8(a) compares the coupling strengths of first-, second-, and third-order gratings. First-order gratings have a larger K by about a factor of two for doses below the point that significant saturation occurs. Firstorder gratings are no more sensitive to the FIB stripe width than higher order gratings at these low doses, as shown in Fig. 8(b) for a dose of 0.5 x IOl4 cm-'.
B. Advuntuges of the FIB Grating
The FIB grating has potential uses other than in FIB-DBR lasers. Calculations of dopant diffusion at growth temperatures indicate it should be possible to regrow over the grating to bury it in the active region of a DFB laser. First-order gratings in InGaAsP DFB lasers are possible. Improved crystal quality could be achieved in DFB lasers fabricated in molecular or chemical beam epitaxy systems with a FIB attached because the wafer need not be exposed to masking materials, etchants, and atmospheric pressure during mid-growth. FIB gratings could also be used as off-chip couplers for OEIC's or on-chip couplers between optical devices. Since they are written locally by computer control, FIB gratings can be used at many different angles or written at different periods on the same wafer making multiple on-chip coupling and multi-fre-quency laser arrays easily realizable. Furthermore, curves or chirped gratings are possible.
The versatility of the FIB implanter has been previously demonstrated in semiconductor electronic device fabrication including M~s~~T '~ with a striped channel strutture 1231 and laterally profiled active area implants to re-[ i 11 J . Glinski and T. Makino, "Yield analysis of second-order DSM DFB duce the Kirk effect in bipolar transistors [24] . In semiconductor lasers FIB implants have been used to disorder superlattices [25] and FIB-micromachining has been utilized to provide facet etching for coupled cavity lasers [26] , and laser arrays [27] . Disordering and etching, however, require long FIB processing times and do not emphasize the flexible advantages of this new fabrication tool. The plasma grating is achieved with at least an order of magnitude shorter write times. Because of this, the FIB grating has the potential to become an important application of FIB technology to optoelectronic device fabrication in the future.
VI. CONCLUSION
In summary, we have demonstrated a new principle for function of nondynamic gratings in semiconductor devices based on the plasma effect. The grating was demonstrated in a GaAs/GaAlAs FIB-DBR laser which showed stable single-mode operation over a 20°C temperature range with only 0.8 A / " C shift in wavelength. Simulations show that FIB-implanted dopant stripes ionize to form a carrier grating balanced by the fields from the resulting space charge. Calculations show that of all the waveguide geometry and implant parameters, K depends most strongly on the implant activation saturation level, the standard deviation in the z-direction, and dose. Optimization of the implant parameters could increase K by over an order of magnitude over the value of 15 cm-' 
